Abstract -The present review discusses the findings of cryptosporidiosis research conducted in cattle in China and highlights the currently available information on Cryptosporidium epidemiology, genetic diversity, and distribution in China, which is critical to understanding the economic and public health importance of cryptosporidiosis transmission in cattle. To date, 10 Cryptosporidium species have been detected in cattle in China, with an overall infection rate of 11.9%. The highest rate of infection (19.5%) was observed in preweaned calves, followed by that in juveniles (10.69%), postweaned juveniles (9.0%), and adult cattle (4.94%). The dominant species were C. parvum in preweaned calves and C. andersoni in postweaned, juvenile, and adult cattle. Zoonotic Cryptosporidium species (C. parvum and C. hominis) were found in cattle, indicating the possibility of transmission between humans and cattle. Different cattle breeds had significant differences in the prevalence rate and species of Cryptosporidium. This review demonstrates an age-associated, breed-associated, and geographic-related occurrence of Cryptosporidium and provides references for further understanding of the epidemiological characteristics, and for preventing and controlling the disease.
Introduction
Diarrhea is a common clinical symptom of various conditions and is harmful to animals. The causative agents include bacteria such as enterotoxigenic Escherichia coli (ETEC), viruses such as rotavirus, and parasites or other possible factors [10, 19] . Cryptosporidium, as an important protozoan parasite, can cause parasitic diarrhea in animals. This parasite has a broad distribution range in both developing and developed countries and can infect various hosts, including humans, domestic animals, and wildlife [26] . Infection with Cryptosporidium in cattle results in clinical symptoms such as diarrhea, abdominal pain, nausea, vomiting, and weight loss; however, such infections are generally not lethal [43] . Cattle, as a major domestic animal, can be infected by Cryptosporidium. Currently, Cryptosporidium infections in cattle are usually associated with four main species, i.e., C. parvum, C. andersoni, C. ryanae, and C. bovis. However, other species, including C. suis, C. hominis, C. serpentis, C. xiaoi, C. ubiquitum, C. meleagridis, C. muris, and C. felis, have also been identified in cattle [1, 3, 5, 6, 12, 13, 42, 48, 49] .
The infection sites for different Cryptosporidium species vary and include the stomach, intestines, and respiratory tissues [36] . In cattle, C. andersoni mainly causes mucosal damage in the abomasums, whereas C. parvum, C. ryanae, and C. bovis usually result in villus atrophy, microvillus shortening, and destruction in the intestine [10, 15, 35] . C. parvum commonly infects humans as well as cattle, while C. andersoni and C. bovis have occasionally been reported in humans [40, 41] . Therefore, infected cattle are considered potentially important reservoirs of Cryptosporidium for human infections. A recent study demonstrated that zoonotic transmission may occur between cattle and farm workers due to close contact between cattle and humans [11, 33] .
Although several studies have reported infections of cattle with Cryptosporidium species, there are no effective treatments and vaccines available for Cryptosporidium infection in China. Therefore, the purpose of this study was to determine the prevalence, genotypes, and subtypes of Cryptosporidium in China, evaluate age and breed-related differences in the incidence of this infection, and assess differences in the geographic distributions of Cryptosporidium species in China by reviewing a number of available published sources and data.
Data sources and statistical analysis
We carried out a literature search without a language limitation in PubMed and the China National Knowledge Infrastructure (CNKI), covering all published papers until 2016, using a combination of the following keywords: Cryptosporidium, cattle, China. If an article in a language other than English was found, the abstract was screened, and the full text was reviewed to determine whether any additional information was included.
Chi-squared tests were used to compare Cryptosporidium infection rates, and differences with p values of less than 0.05 were considered significant.
Results

Prevalence of Cryptosporidium infection in cattle in different regions of China
In China, the first report of Cryptosporidium in cattle was published in 1986 in Lanzhou, which is located in Gansu Province [8] . According to the available published sources, Cryptosporidium species are distributed within 19 provinces in China, including northern China (Tianjin [31] and Inner Mongolia [52] ), northeastern China (Heilongjiang [25, 55, 58] ), eastern China (Shanghai [5, 59] , Jiangsu [5] , Anhui [5, 23, 51] , Shandong [29] , and Taiwan [46] ), southern and central China (Henan [7, 16, 20, 24, 27, 29, 36, 44, 45] , Hunan [29] , Guangdong [47] , and Guangxi [17, 50] ), southwestern China (Sichuan [37] and Tibet [37] ), and northwestern China (Gansu [37, 38, 56] , Qinghai [2, 21, 28, 30, 32, 37, 54, 59] , Ningxia [9, 18, 56] , Xinjiang [14] , and Shanxi [57] ) (Tables 1 and 2 ). The overall infection rate was 11.9%, and infection rates varied significantly for different regions/ provinces (p < 0.05). The regions with the highest infection rates were Taiwan, Inner Mongolia, Shandong, Hunan, and Qinghai. The regions with the lowest infection rates were Shanxi, Guangxi, Sichuan, Ningxia, and Gansu.
More than 10 species of Cryptosporidium, including C. andersoni, C. bovis, C. parvum, C. ryanae, C. muris, C. ubiquitum, C. meleagridis, C. xiaoi, C. suis-like, mixed Cryptosporidium infection, and new Cryptosporidium genotypes, have been reported in cattle in China; the most common Cryptosporidium infections in cattle were caused by C. bovis, C. parvum, C. ryanae, and C. muris, whereas the other species were only found on occasion.
A variety of Cryptosporidium subtypes have been reported in China, including IIa subtypes (IIaA14G1R1, IIaA14G2R1, IIaA15G2R1, IIaA16G2R1, and IIaA16G3R1) and IId subtypes (IIdA14G1, IIdA15G1, IIdA18G1, and IIdA19G1) for C. parvum. Six C. andersoni subtypes were identified, including A5A4A4A1, A4A4A4A1, A4A4A2A1, A2A4A4A1, A2A4A2A1, and A1A4A4A1. The identified subtypes of C. meleagridis and C. ubiquitum were IIIeA22G2R1 and XIIa, respectively.
Distributions of Cryptosporidium species/subtypes in cattle of different age groups in China
Cattle can be classified into four groups according to age: preweaned, postweaned, juvenile, and adult. The average infection rates in cattle differed according to age, ranging from 4.94% in adult cattle to 9.0%, 12.69%, and 19.5% in postweaned cattle, juvenile cattle, and preweaned cattle, respectively (p < 0.05; Table 3 ). Significant differences in average infection rates were noted among all age groups (p < 0.05). Previous studies in the USA have indicated that C. parvum is responsible for about 85-97% of Cryptosporidium infections in preweaned calves but only 1-4% of Cryptosporidium infections in postweaned calves and heifers [22] . The highest infection rates in each age group were 27.4% in adults, 28.8% in postweaned cattle, 31.7% in juvenile cattle, and 80% in preweaned cattle.
The prevalence of specific Cryptosporidium species/ subtypes was also varied among the different age groups of cattle. In preweaned cattle, C. bovis and C. parvum were the dominant Cryptosporidium species, and subtypes of IIdA14G1 [1] , IIdA15G1 [22, 50, 57] , IIdA19G1 [47] , and IIIeA22G2R1 [47] were relatively common, with IIdA15G1 being the most prevalent. C. andersoni [1, 16, 24, 28, 47, 50] , C. ryanae [1, 16, 24, 47, 50, 57] , C. meleagridis [47] , and mixed infection [1, 22, 24, 43] were also occasionally identified in preweaned cattle. In postweaned cattle, C. andersoni [1, 3, 16, 24, 28, 42, 50] was the most abundant species, and C. bovis [1, 16, 24, 28, 42, 50, 57] , C. parvum [28, 50, 57] , C. ryanae [1, 3, 24, 50] , and mixed infection with C. bovis and C. ryanae [1] were rarely detected. Four subtypes of C. andersoni [16] , characterized as A4A4A4A1, A1A4A4A1, A2A4A4A1, and A2A4A2A1, were also detected, whereas only one subtype (IIdA15G1) was identified for C. parvum [50] . The latter two subtypes for C. andersoni were considered the most prevalent. Juvenile cattle were found to be infected with C. andersoni [25, 28, 29, 44, [56] [57] [58] , C. bovis [28, 29, 32] , C. parvum [32] , C. ryanae [28, 29, 32] , C. xiaoi [28] , C. suis-like [29] , and mixed infection with C. bovis and C. ryanae [32] . The following C. andersoni [57, 58] subtypes were identified: A5A4A4A1, A4A4A4A1, A4A4A2A1, A2A4A4A1, A2A4A2A1, and A1A4A4A1. Adult cattle could be infected with C. andersoni [18, 25, 28, 29, 44, 56, 57] , C. bovis [28, 29, 56] , C. ryanae [28, 29] , C. ubiquitum [28] , and new genotypes [28] . No mixed Cryptosporidium infections were found in adult cattle. C. andersoni [57] formed two subtypes, i.e., A4A4A4A1 and A1A4A4A1.
In summary, C. andersoni, C. bovis, C. ryanae, and C. parvum were the most common Cryptosporidium species in cattle in China. C. andersoni was commonly found in postweaned, juvenile, and adult cattle, but had a relatively low prevalence in preweaned cattle. In contrast, C. bovis was mostly found in preweaned cattle. C. ryanae was more common in preweaned cattle than in cattle of other ages. C. parvum was mostly distributed in preweaned cattle.
Distribution of Cryptosporidium species/subtypes in different cattle breeds in China
There are four main domesticated ungulate species in China, namely, dairy cattle, beef cattle, buffalo, and yaks.
The prevalence of Cryptosporidium in different cattle breeds varied from 8.09% in beef cattle to 23.8% in buffalo (Table 4) . The prevalence of Cryptosporidium in dairy cattle ranged from 1.68% to 47.68%, with an average infection rate of 10.44%. In yaks, the prevalence rate of Cryptosporidium infection ranged from 4% to 39.74%, with an average of 18.13%. In contrast, that in beef cattle ranged from 4.49% to 26.5%, with an average of 8.09%. The results of Chi-square tests showed that the prevalence differed significantly among the breed groups (p < 0.05). Moreover, the infection rates of dairy cattle were significantly different from those of beef cattle, buffalo, and yaks, with Chi-square values of 5.590, 33.347, and 108.509, respectively (p < 0.05). The differences between beef cattle and yaks, and between beef cattle and buffalo, were also statistically significant (p < 0.05). Several Cryptosporidium species, including C. andersoni, C. bovis, C. parvum, C. ryanae, C. meleagridis, C. suis-like, C. parvum (''mouse'' genotype), C. hominis, C. serpentis, and mixed infection, have been reported in dairy cattle in China. C. andersoni was the dominant species in dairy cattle, and other species showed low infection rates. In dairy cattle, subtypes A4A4A4A1, A1A4A4A1, IIdA15G1, IIdA19G1, IIdA14G1, and IIIeA22G2R1 have been identified in China. Moreover, IIdA15G1 was the most common subtype of C. parvum, and A1A4A4A1 was the most common subtype of C. andersoni. In beef cattle, C. andersoni, C. bovis, C. ryanae, and mixed infection with C. ryanae and C. bovis were identified, with C. andersoni as the most prevalent species. In buffalo, C. bovis and C. ryanae infections have been reported. In yaks, C. andersoni, C. bovis, C. parvum, C. ryanae, C. ubiquitum, C. xiaoi, new Cryptosporidium genotypes, and mixed infection were found, with C. bovis having the highest prevalence, followed by C. ryanae and C. parvum. IIaA15G2R1 was the most endemic subtype, and IIaA14G1R1, IIaA14G2R1, IIaA16G2R1, IIaA16G3R1, IIdA15G1, IIdA18G1, IIdA19G1, and XIIa were also detected. In summary, C. andersoni was the most common species of Cryptosporidium in beef cattle. C. bovis was identified as the predominant species responsible for yak infection, whereas C. ryanae was considered as the most prevalent in buffalo. C. parvum was more infectious to dairy cattle and yaks in China.
Prevention and treatment
In developing countries, a major obstacle for disease control is the lack of effective methods to control Cryptosporidium infection and to decrease environmental contamination with oocysts [4] . In China, preventive hygiene measures and good management should be carried out to prevent the infection of cattle with Cryptosporidium spp. Henan C. andersoni (322), C. bovis (132), C. parvum (91), C. ryanae (30), C. muris (49), C. ryanae + C. bovis (11), C. parvum + C. bovis (6), C. parvum + C. ryanae (4),
IIdA19G1 (67) [7, 18, 20, 24, 27, 29, 34, 44] , [45] * Hunan C. bovis (7), C. ryanae (33) In calves, timely colostrum feeding is the simplest and most effective method to prevent diarrhea. For postweaned calves, the use of straw in pens and high-pressure cleaning has been shown to have preventive effects against contamination by Cryptosporidium oocysts [53] .
The drugs used for the treatment of cryptosporidiosis include sulfadoxine-pyrimethamine, trimethoprimsulfamethoxazole, quinacrine, pentamidine, bleomycin, elliptinium, alpha-difluoro-methylornithine, daunorubicin, and diclazuril. However, in an immunosuppressed rat model, none of these drugs were able to completely cure the disease [22] . Paromomycin and nitazoxanide are the only two drugs that have been analyzed in well-controlled clinical trials and have been shown to have some degree of efficacy [39] . More studies are needed to identify appropriate approaches to control Cryptosporidium infection and decrease contamination by oocysts in cattle farms.
Conclusion
Cryptosporidium is widely distributed in cattle in China. Ten species have been identified and C. andersoni, C. bovis, C. parvum, and C. ryanae are the most common. Epidemiological analysis showed that there were significant differences in infection rates and species according to geography, age, and breed. In China, the highest infection rate was observed in preweaned cattle, the regions with high rates of infection were in eastern and northern China, while the most common Cryptosporidium species in cattle were C. andersoni, C. bovis, C. ryanae, and C. parvum. In addition, other factors, including examination methods and sample sizes (affecting the sensitivity and accuracy of the results), sanitation conditions (affecting the existence of Cryptosporidium), rearing conditions (influencing the health and immune status of cattle), and climate (influencing the survival of Cryptosporidium oocysts), may contribute to the occurrence of cryptosporidiosis. There are no effective treatments currently approved for this parasite, and preventive measures are difficult. For example, cattle owners should improve management, sanitation, and disinfection protocols and attempt to keep breeding houses clean and dry. Cattle should not be grazed in areas with a high occurrence of Cryptosporidium. Additionally, nutritional conditions should be optimized, and the government should aim to create awareness of the importance of hygiene promotion and reinforce support of Cryptosporidium research. The development of vaccines for this parasite may substantially improve outlooks.
Importantly, C. parvum and C. hominis in cattle may have zoonotic potential. People in affected areas should pay careful attention to hygiene. Additionally, more studies should be conducted to fully elucidate the pathogenesis and epidemiology of bovine Cryptosporidiosis. The findings of this study, which represent the first comprehensive analysis of Cryptosporidium prevalence in cattle in China, may contribute to a better understanding of the epidemiological features of Cryptosporidium in cattle.
